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The extremely high concentrations of PM2.5 (particulate matter with an aerodynamic meter  2.5 mm)
during severe and persistent haze events in China have been closely related to the formation of sec-
ondary aerosols (SA). New particle formation (NPF) is the critical initial step of SA formation. New
particles are commonly formed from gas-phase precursors (e.g., SO2, volatile organic compounds) via
nucleation and initial growth, in which molecular clusters with a mobility diameter smaller than 3 nm
(hereafter referred to nanoscale molecular clusters) will be involved throughout the whole process.
Recently, signiﬁcant breakthroughs have been obtained on NPF studies, which are mostly attributed to
the technical development in the real-time analysis of size-resolved number concentration and chemical
composition of nanoscale molecular clusters. Regarding the detection of size-resolved number concen-
trations of nanoscale molecular clusters, both methods and instruments have been well built up; prac-
tical application in laboratory-scale experiments and ﬁeld measurements have also been successfully
demonstrated. In contrast, real-time analysis of chemical composition of nanoscale molecular clusters
has still encountered the great challenges caused by the complex organic compositions of the clusters,
and improvement of present analytical strategies is urgently required. The better understanding in NPF
will not only beneﬁt the atmospheric modeling and climate predictions but also the source control of SA.
Copyright © 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Contents
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y-nc-nd/4.0/).1. Introduction
Accompanied with the rapid industrialization and urbanization
of China, extremely severe and persistent haze events have occurred
with increasing frequency; great concerns have been aroused on
this environmental problem due to its negative effects on regional
and global climates, air quality and human health [1e6]. According
to a recent report on the serious haze event in January 2013 in China,
the measurement results from 74 major cities indicated that the
highest daily concentration of PM2.5 (particulate matter with analf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
Fig. 1. Chemical composition and source apportionment of PM2.5 collected during the high pollution events of 5e25 January 2013 at the urban sites of Beijing, Shanghai, Guangzhou
and Xi'an. (Reprinted with permission from Ref. [1]. Copyright 2014 Nature Publishing Group).
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about ten times as much as the Chinese air pollution standard
(75 mg m3), and the daily average PM2.5 concentrations in Xi'an,
Beijing, Shanghai and Guangzhou, four typical urban cities in China,
were 345.1, 158.5, 90.7 and 69.1 mg m3 (Fig. 1), respectively.
Moreover, the concentrations of PM2.5 in 69% of days in January
could not meet the national air pollution standard [1].
These severe haze events have been closely related to the for-
mation of secondary aerosols (SA), which probably has accounted
for 30e77% of PM2.5 (Fig. 1) [1]. SA are formed in the atmosphere
from reaction products of gaseous precursors [7,8] and can be
further divided into secondary inorganic aerosols (SIA) and
secondary organic aerosols (SOA). The chemical composition of SIA
is dominant by sulfate and nitrate. The gas precursors of sulfate and
nitrate are mostly SO2, NOx (NO, NO2) and NH3 (Equations (1) and
(2)). SO2 is mainly from coal burning; most NOx results fromvehicle
exhaust and power plants; NH3 is ubiquitous in the atmosphere
and could be emitted from both natural and human activities.
SOA are composed of low-volatile and semi-volatile oxidation
products of volatile organic compounds (VOCs) through various
photochemical reactions or gas-particle transformation (Equation
(3)). The emission sources of VOCs include vehicles, coal-burning
and biomass-burning. However, it should be noted that there are
a large number of VOCs species involved in SOA formation and also
the reaction pathways are various, both of which lead to the
extremely complex chemical composition of SOA. Besides, trace
metal elements have also been found in SA, including Cr, Pb, As, Ni,
Cu, Cd, Fe, Al, Mn, etc; these metal elements are either from
anthropogenic activities or natural processes [1,9].
SO2!
½O
H2SO4!NH3 ðNH4Þ2SO4 (1)NOx!½O HNO3!NH3 NH4NO3 (2)
VOCs !½O;gaspariticletransformationSOA (3)
The presence of PM2.5 will not only cause environmental
problems, but also pose a signiﬁcant impact on human health. The
health risk due to the exposure to PM2.5 should be evaluated by
considering not only their chemical compositions (e.g., oxygenated
polycyclic aromatic hydrocarbons, heavy metal elements) but also
the size of the particles. PM2.5 could get down to the alveoli, which
is the deepest portion of lungs, and penetrate the bloodstream,
amplifying the harmful effects. Up to date, both experimental and
epidemiological studies have demonstrated the possible associa-
tion between PM2.5 exposure with cardiovascular diseases, lung
cancer, etc. [8,10e12].
The initial step of SA formation is new particle formation (NPF).
Both ambient charged molecules or clusters and neutral molecules
or clusters will participate into the process of NPF [13e17]. Actually,
NPF is also the critical step for SA formation [7,18]. To be speciﬁc,
NPF is considered to be a two-step process, i.e., nucleation and
initial growth, and these two sub-processes are distinguished
based on the formation of the critical nucleus or cluster (mobility
diameter ~ 1.4 nm).
In the process of nucleation (before reaching the critical size),
molecular clusters are created to form a new phase, and this is
achieved through random collisions and rearrangements of
gas-phase atoms and molecules (precursors). During the trans-
formation fromvapor, to liquid and ﬁnally to solid, there is a decrease
in both enthalpy and entropy in the nucleating system, i.e., DH < 0
and DS < 0. As a result, nucleation is an exothermic process (DH < 0)
and thus thermodynamically favored based on the ﬁrst law of
Fig. 3. Cluster size as a function of time during median nucleation event days. The data
are based on the measurements of normalized concentrations of sulfuric acid by
chemical ionization mass spectrometer (CI-MS), size-segregated neutral clusters by a
particle size magniﬁer (PSM), a cluster with a mass of 339.06 Th by chemical ionization
atmospheric pressure interface time of ﬂight mass spectrometer (CI-APi-TOF), and
ions/neutral clusters by NAIS. The mobility diameters used for sulfuric acid and a
cluster with a mass of 339.06 Th are 0.85 and 1.17 nm, respectively. Growth rates (GR)
for particles below 5-nm mobility diameter were determined by using the plotted
data. (Reprinted with permission from Ref. [18]. Copyright 2013 American Association
X. Li et al. / Emerging Contaminants 1 (2015) 33e38 35thermodynamics. However, the nucleation process is often hindered
by a free energy barrier DG (DG ¼ DH  TDS > 0), which needs to be
overcome before the transformation to the new phase become
spontaneous. Therefore, nucleation is commonly regarded to be a
reversible, stepwise kinetic process. After nucleation, the critical
nucleus further spontaneously grows into the new particles with the
size larger than 3 nm. Throughout the whole process of NPF, both
chemical composition and size of molecular clusters (hereafter
referred to nanoscale molecular clusters) are changed [7,8,18,19].
Numerous studies have been carried out on atmospheric NPF
mechanism, and the most popular assumptions are binary nucle-
ation system (sulfuric acid and water) [20] and ternary nucleation
system (sulfuric acid, water and ammonia) [21,22]. However these
systems have only partly (less than 20%) explained the results from
the experiments or ﬁeld measurements. Lately, researchers have
found that organic compounds, like organic acids and VOCs with
extremely low volatility (e.g., highly oxygenated VOCs) may also play
an important role in NPF [23e25]. Nevertheless, NPF has not been
fully understood at the molecular level yet, and a better under-
standing in NPF will greatly reduce the uncertainty in atmospheric
modeling and climate predictions, and also facilitate SA control [7,8].
In 2007, direct measurement of atmospheric nucleation has
been successfully achieved for the ﬁrst time [19]. By applying the
newly developed real-time instruments, the size-resolved number
concentration of nanoscale molecular clusters has been effectively
recorded, evidencing the continuous presence of nanoscale
molecular clusters and also the occurrence of NPF events (Fig. 2).Fig. 2. Number concentrations of nanoscale molecular clusters on 2 days during NPF. (A and B) Total number concentrations between 1.8 and 3.0 nm observed by the neutral-cluster
and air ion spectrometer (NAIS) (blue and red) and UF-02proto condensation particle counter (CPC) pair (black). (C and D) Negative (blue) and positive (red) air ion number
concentrations measured with the air ion spectrometer (AIS) and balanced scanning mobility analyzer (BSMA). (Reprinted with permission from Ref. [19]. Copyright 2007 American
Association for the Advancement of Science).
for the Advancement of Science).
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resolved number concentration and chemical composition of ions
and molecular clusters with the mobility diameters from 1- to
2-nm, three separated size regimes below 2 nm have been identi-
ﬁed; a physically, chemically and dynamically consistent frame-
work on atmospheric nucleation via neutral pathways has been
built up (Fig. 3), in which the importance of organic compounds in
NPF has also been stressed [18].
To summarize, the latest breakthroughs on NPF are mostly
attributed to the signiﬁcant advancement of analytical platforms,
including real-time detection of size-resolved number concentra-
tions [18] and chemical composition of nanoscale molecular
clusters [19]. Real-time analysis of nanoscale molecular clusters can
effectively capture the variation of nanoscale molecular clusters in
size and chemical composition during the NPF process, providing
important time-resolved information [18,19]. Besides, evaporation,
crystallization and gas-particle transformation can also be avoided
by using real-time strategies compared with ofﬂine methods.
However, the involvement of organic compounds in NPF together
with their complex composition will pose potential challenges for
the further investigation on NPF mechanism [25,26].
2. Techniques and instruments used for real-time analysis of
size-resolved number concentration of nanoscale molecular
clusters
Presently, the instruments reported for detecting sized-resolved
number concentrations of nanoscale molecular clusters contain: air
ion spectrometer (AIS) [19,27], neutral-cluster and air ion
spectrometer (NAIS) [18,19,28], balanced scanning mobility
analyzer (BSMA) [29], UF-02proto condensation particle counter
(CPC) [30], electrical mobility spectrometer (EMS) [31] and particle
size magniﬁer (PSM) [32,18]. AIS and BSMA are used for air ions and
naturally charged nanoscale molecular clusters while NAIS,
UF-02proto CPC, EMS and PSM are applied for neutral clusters.Fig. 4. Mass spectrum of extremely-low-volatile organic compounds (ELVOCs) produced by a
Copyright 2014 Nature Publishing Group).Regarding structures, AIS consists of two cylindrical differen-
tial mobility analyzers (DMAs) coupled with electrometer rings.
Both positive and negative ions are collected on the electrometer
rings in 21 electrical mobility fractions at the same time [27]. NAIS
is modiﬁed based on AIS [28,33,34], in which two unipolar corona
chargers and electrostatic post ﬁlters are added prior to the
DMAs; the chargers are used for positive and negative charging,
and the ﬁlters are adopted to remove the ions generated by the
chargers. BSMA contains two plain aspiration condensers and a
common electrical ampliﬁer connected to a balanced bridge cir-
cuit. For UF-02proto CPC, it includes a saturator and optical de-
tector; for this improved version of CPC, butanol is used as the
condensation vapor. EMS is a combination of a GRIMM Vienna
type nano DMA and a highly sensitive GRIMM Faraday cup elec-
trometer. PSM is a mixing-type CPC, and the measurement prin-
ciple is quite similar to UF-02proto except that diethylene glycol is
used for saturation.
Among the instruments aforementioned, inter-comparison and
calibration have been performed for BSMA, AIS and NAIS [33,34].
Compared with AIS and NAIS, BSMA has a narrower measurement
range (0.8e7.6 nm, mobility diameter), a reduced time resolution
(minimum 10 min) and difﬁculty in sampling due to its high inlet
ﬂow rate (2400 lpm). Comparing NAIS with AIS, an important
development has been made on NAIS with the introduction of the
unipolar corona chargers. The corona charging is characterized
with high ionization efﬁciency, greatly favoring the detection of the
low-concentration atmospheric neutral clusters [19,35]. However,
ionization through corona discharging is violent (‘hard ionization’),
andmay breakweakly bound clusters or molecules that are close to
the tip of the discharging needle; additionally, in the presence of
oxygen, ozone and radicals (e.g., oxygen and hydroxyl radicals)
could be produced and react with gas-phase sample, resulting in
unexpected interferences. In this regard, a new chemical ionization
method has been reported recently, in which primary ions are
ﬁrstly produced by ionizing the reagent gas ﬂow (gaseous nitric-pinene ozonolysis measured by CI-APi-TOF. (Reprinted with permission from Ref. [25].
Fig. 5. An example of ambient ion mass spectra. Top panel (a) shows negative ions and bottom panel (b) shows positive ions. The negative ion spectrum is dominated by strong
acids while the positive ions spectrum is more evenly spread out over a large of masses. Black bars represent peaks without chemical identiﬁcation. (Reprinted with permission
from Ref. [26]. Copyright 2010 Copernicus Publications).
X. Li et al. / Emerging Contaminants 1 (2015) 33e38 37acid) with a non-radioactive soft X-ray radiation source, and then
react with gas sample. This method is suitable for ionizing sulfuric
acid, methane sulfonic acid, clusters containing sulfuric acid and
amine, and highly oxidized organic molecules and their clusters
[36].
Hence, for detecting size-resolved number concentrations of
nanoscale molecular clusters in real time, both methods and
instruments (homemade and commercial ones) have been well
developed. Practical applications in laboratory-scale experiments
and ﬁeld measurements have also been successfully demonstrated.
3. Techniques and instruments used for real-time analysis of
chemical composition of nanoscale molecular clusters
APi-TOF [26] and CI-APi-TOF (CI-APi-TOF) [37] have been used
for real-time analysis of chemical composition of naturally charged
and neutral clusters, respectively. The diameter of critical oriﬁce at
APi-TOF inlet is 300 mm; in the following low-pressure regions, two
sets of quadrupoles are applied to focus and deliver the ions, and a
successive ion lens assembly is used to further guide the ions into
the TOF-MS. The TOF-MS can measure both positive and negative
ions and could run in the modes of V orW. When the instrument is
operated under V mode, the resolving power is about 3000 Th/Th
and the mass accuracy is better than 20 ppm. The mass range is
generally set to 8e2500 Th, corresponding to an estimatedmobility
diameter of 0.2e2.25 nm. Ion transmission efﬁciencies are mostly
0.005 for the ions ranging from m/z 80e900 and the detection
limits are well below 1 ion cm3. CI-APi-TOF is developed based on
APi-TOF by coupling a homemade CI source to APi-TOF. The CI
sources could be a corona discharge, radioactive or X-ray source.
When an X-ray source is used, both sulfuric acid and highly
oxygenated organic compound clusters could be ionized (Fig. 4).
However, further improvement in resolution is required for the
exclusive identiﬁcation of elemental composition of detected ions.
For example, the monomer (96.9601 Th), dimmer (194.9275 Th),trimmer (292.8949 Th) and tetramer (390.8622 Th) of sulfuric acid
could be detected by CI-APi-MS; on the other hand, interference
peaks have also been observed for all the target ions except for the
monomer. Atm/z 195, the contaminant peak is tentatively assigned
as a ﬂuorinated compound C4HF6O2, and in the cases of m/z 293
andm/z 391, the number of possible candidates could reach dozens.
The results will be even more complicated for the ambient mea-
surements, especially under the positive ion detection mode
(Fig. 5), and most peaks have still remained unidentiﬁed.
Therefore, real-time analysis of chemical composition of nano-
scale molecular clusters has still encountered the great challenges
caused by the complex organic compositions of the clusters as well
as the interferences introduced through the analysis. Development
of ionization sources for the universal ionization of organic com-
poundswith high ionization efﬁciencymight be a possible trend for
enhancing the detection of organic compositions; on the other
hand, the resolving power of MS needs to be improved to distin-
guish the elemental composition of the detected ions.
4. Conclusions
In this paper, the present analytical techniques and instruments
used for the real-time analysis of size-resolved number
concentration and chemical composition of nanoscale molecular
clusters have been presented and discussed. Studies on NPF have
been greatly advanced with recent development of real-time
analytical platforms; however, the complex chemical composition
(especially the organic compositions) of nanoscale molecular
clusters in the atmosphere still remains a great challenge for the
present analytical strategies.
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